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The extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) pathway is
essential for infection by a variety of viruses. The p90 ribosomal S6 kinases (RSKs) are direct substrates of
ERK and functional mediators of ERK MAPK signaling, but their roles in viral infection have never been
examined. We demonstrate that ORF45 of Kaposi’s sarcoma-associated herpesvirus (KSHV) interacts with
RSK1 and RSK2 and strongly stimulates their kinase activities. The activation of RSK by ORF45 is correlated
with ERK activation but does not require MEK. We further demonstrate that RSK1/RSK2 is activated during
KSHV primary infection and reactivation from latency; a subset of RSK1/RSK2 is present in the viral
replication compartment in the nucleus. Depletion of RSK1/RSK2 by small interfering RNA or the specific
inhibitor BI-D1870 suppresses KSHV lytic gene expression and progeny virion production, suggesting an
essential role of RSK1/RSK2 in KSHV lytic replication.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
known as human herpesvirus 8, is a human DNA tumor virus
etiologically linked to Kaposi’s sarcoma (KS), primary effusion
lymphoma (PEL), and multicentric Castleman disease (MCD)
(6, 14, 17, 28). Like all herpesviruses, KSHV has two alterna-
tive life cycles: latent and lytic. KSHV establishes latent infec-
tion in the majority of infected cells in cases of KS, PEL, and
MCD, but lytic replications occur only in a small fraction.
During latent infection, the viral genome is maintained as an
episome, and only a few viral genes are expressed. Under
appropriate conditions, latent genomes can be reactivated to
express the full panel of viral genes in a cascade fashion,
beginning with immediate-early genes, followed by early genes
and then late genes (14, 28). Successful completion of this lytic
replication leads to release of progeny viruses and ulti-
mately cell death. Despite its destruction of cells, lytic rep-
lication is believed to play a critical role in KSHV tumori-
genesis (14, 17, 39).

For successful infection and propagation, viruses rely on and
modulate cellular signaling machineries, including the mito-
gen-activated protein kinases (MAPKs), which respond to var-
ious extracellular stimuli, ranging from growth factors and
cytokines to cellular stress (7, 35). The MAPK signal-transduc-
tion cascade is activated by sequential phosphorylation of a
three-component module: MAPK, MAPK kinase (MAPKK),
and MAPK kinase kinase (MAPKKK). MAPKKKs are often
activated by extracellular stimuli through a small GTP-binding

protein of the Ras/Rho family and phosphorylate MAPKK,
which in turn activates MAPK. The best-characterized groups
of MAPKs in mammalian cells are extracellular signal-regu-
lated kinases 1 and 2 (ERK1/ERK2), p38 MAPK (p38�, p38�,
p38�, and p38�), and stress-activated protein kinase/c-Jun N-
terminal kinase (SAPK/JNK1/JNK2/JNK3). Activated MAPK
phosphorylates its specific substrate to exert its diverse biolog-
ical functions. MAPKs also directly phosphorylate several pro-
tein kinases, including a family of 90-kDa ribosomal S6 kinases
(RSKs), which represents an additional signaling amplification
step in the MAPK cascade (18, 35).

The RSKs are serine-threonine kinases and direct substrates
of ERK1/ERK2. The four isoforms in humans share 75 to 80%
amino acid (aa) identity. All RSK isoforms have two distinct
kinase domains: the N-terminal (NTKD) and the C-terminal
(CTKD). The NTKD phosphorylates downstream targets and
is activated through a sequential phosphorylation cascade in-
volving ERK1/ERK2, the CTKD, and 3-phosphoinositide-de-
pendent protein kinase 1. The RSKs are involved in the regu-
lation of multiple processes in the cell, including gene
expression, protein synthesis, the cell cycle, and cell growth,
survival, proliferation, and differentiation (18, 35).

The RAF (as MAPKKK)-MEK (as MAPKK)-ERK (as
MAPK) signaling cascade is activated during infection by a
variety of DNA and RNA viruses, including cytomegalovirus,
human immunodeficiency virus 1 (HIV-1), influenza virus, re-
spiratory syncytial virus, hepatitis B virus, coronavirus, vaccinia
virus, and coxsackievirus (2, 5, 22, 23, 26, 27, 30, 32, 34, 45).
The MEK/ERK pathway is activated with biphasic kinetics by
KSHV during de novo infection to modulate initial cellular
and viral gene expression (29, 37, 40, 44). The activation of
ERK1/ERK2 is important for efficient KSHV infection be-
cause the MEK inhibitor U0126 inhibits key viral gene expres-
sion (40). Consistently, overexpression of RAF or ERK in-
creases KSHV infectivity at the postattachment stage (1, 31).
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RAF-MEK-ERK signaling has also been shown to be essential
for 12-O-tetradecanoylphorbol-13-acetate (TPA)-mediated re-
activation of KSHV (11, 16). Recently, a comprehensive ex-
pression screening of a mammalian cDNA library also deter-
mined RAS-RAF-MEK-ERK signaling to be involved in
reactivation of KSHV (47). Although, RAF-MEK-ERK signal-
ing is essential for KSHV infection, the role of RSKs is un-
known.

ORF45 is a KSHV gene product that plays a critical role in
the KSHV lytic replication cycle. It is an immediate-early,
highly phosphorylated, mostly cytoplasmic protein with expres-
sion beginning immediately after the virus enters the lytic cy-
cle. Its expression level rises as lytic replication progresses and
remains high through the late stage. In the end, a significant
amount of ORF45 is encapsidated in the virion (49, 50, 53). Its
unique temporal and spatial expression put it in the forefront
of the process of coping with the host cellular environment.
Previously, we demonstrated that KSHV ORF45 interacts with
interferon regulatory factor 7 (IRF-7) and suppresses its acti-
vation, suggesting a role of ORF45 in defeating the host anti-
viral response (51). Recently, with bacterial artificial chromo-
some (BAC)-based mutagenesis, we demonstrated that
disruption of ORF45 causes a lower yield of progeny viruses,
even though it has no significant effect on viral gene expression
or DNA replication in a reconstituted 293T cell system (52).
The mutant virus also showed lower infectivity and diminished
viral gene expression upon primary infection of 293T cells.
ORF45 therefore has multiple roles at both early and late
stages of the viral lytic life cycle (52). We reasoned that ORF45
may also interact with other cellular pathways, and in the
research reported here, we demonstrate that KSHV ORF45
interacts with RSK1 and RSK2 and activates their kinase ac-
tivities. We also showed that the sustained activation of RSKs
is essential for KSHV lytic replication.

MATERIALS AND METHODS

Cells, virus, antibodies, and chemicals. BCBL-1 cells were cultured in RPMI
1640 medium with 10% heat-inactivated fetal bovine serum (FBS) and antibiot-
ics. HEK293T cells and 293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics.
BAC36 and BAC-stop45, (which carries the entire KSHV genome or the
ORF45-null recombinant virus genome, respectively, have been described pre-
viously (52). Rabbit antibodies detecting MAPKK ERK1/ERK2, MEK1/MEK2,
p38 MAPK, and ERK5; the phosphorylated forms of ERK1/ERK2 (Thr202/
Tyr204), MEK1/MEK2 (Ser217/Ser221), p38 MAPK (Thr180/Tyr182), ERK5
(Thr218/Tyr220), and RSK1 (Thr359/Ser363, Ser380, and Thr573) antibodies;
and U0126 (MEK1 inhibitor) were from Cell Signaling Technology, Beverly,
MA. Rat anti-LANA antibody was from Advanced Biotechnologies, Inc. Rabbit
anti-RSK1 and -RSK2 antibodies were purchased from Upstate (Charlottesville,
VA). Mouse monoclonal anti-RTA, anti-ORF65, and rabbit anti-PF8/ORF59
antibodies were gifts from K. Ueda, S.-J. Gao, and R. Ricciardi, respectively.
Anti-ORF45 and anti-K8 antibodies have been described previously (49, 51).
TPA, sodium butyrate, and Polybrene; anti-actin, anti-green fluorescent protein
(GFP), and anti-hemagglutinin (HA) antibodies; EZview red anti-Flag M2 and
anti-HA affinity gel beads; and 3� Flag and HA peptides were purchased from
Sigma (St. Louis, MO). RSK inhibitor BI-D1870 was purchased from the MRC
Protein Phosphorylation Unit, University of Dundee, Dundee, Scotland.

Plasmid constructs. Plasmid pCR3.1-ORF45 has been described previously
(51). Flag-tagged ORF45 constructs of aa 1 to 407 (full length), 1 to 332, 1 to 237,
1 to 115, 19 to 407, 77 to 407, 90 to 407, and 115 to 407 and deletion mutants
�(19-77) and �(90-115) were cloned by PCR into pCMV-TAG2 (Stratagene).
Plasmids encoding glutathione S-transferase (GST) fusion proteins of ORF45 aa
1 to 115, 115 to 237, 237 to 332, and 332 to 407 were cloned by PCR into
pGEX-5X (Pharmacia). pGEX-S6 was constructed by cloning of the correspond-

ing coding sequence of S6 peptide (KEAKEKRQEQIAKRRRLSSLRASTSKS
ESSQK) into pGEX-5X. Plasmids pKH3, pKH3-RSK2, and pKH3-RSK2-
Y707A (constitutive active) and pKH3-RSK2-K100A/Y707A (kinase-dead
mutant) were kindly provided by J. Smith and D. Lannigan at the University of
Virginia (10). Human RSK1 coding sequence was amplified from a full-length
cDNA clone obtained from ATCC and cloned into pKH3.

Immunoprecipitation (IP). BCBL-1 and control BJAB cells (0.5 � 106/ml)
were induced with 20 ng TPA for 48 h. Of the induced cells, 5 � 107 were
collected and washed with cold phosphate-buffered saline (PBS) and lysed with
0.5 ml of whole-cell lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
NP-40, 1 mM sodium orthovanadate [Na3VO4], 40 mM �-glycerophosphate, 1
mM sodium fluoride, 10% glycerol, 5 mM EDTA, 5 �g/ml of aprotinin, 5 �g/ml
of leupeptin, 5 mM benzamidine, and 1 mM phenylmethylsulfonyl fluoride). The
cell lysates were centrifuged at 10,000 � g for 5 min at 4°C. Supernatants were
incubated with 5 �g anti-ORF45 monoclonal antibody 2D4A5 with gentle agi-
tation at 4°C for 2 h. Protein G-coated paramagnetic beads (Invitrogen) were
added, and the lysates were incubated with gentle agitation for an additional 2 h
at 4°C. After three washes with lysis buffer and three with TBS buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl), the precipitates were boiled in loading buffer
and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

For IP with anti-Flag or anti-HA antibodies, the cell lysates were incubated
with EZview red anti-Flag M2 or anti-HA affinity beads for 4 h or overnight at
4°C. After washing with lysis buffer and TBS, proteins were eluted by incubation
with 150 �g/ml 3� Flag or HA peptide in TBS for 1 h at 4°C.

Mass spectrometry analysis. Bands excised from colloidal blue-stained gels
were subjected to liquid chromatography-tandem mass spectrometry by the mass
spectrometry facility at The Wistar Institute as previously described (49).

Expression and preparation of GST proteins. Escherichia coli BL21 cultures
transformed with plasmids encoding GST or GST fusion proteins were induced
with 100 �M isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 h at room tem-
perature. Cells were pelleted, washed once with PBS, and resuspended in PBS
plus lysozyme and protease inhibitors. The cell suspension was sonicated, and
Triton X-100 was added to a final concentration of 1%. After 30 min of incu-
bation at 4°C with gentle agitation, cell debris was removed by centrifugation at
10,000 � g for 10 min. The supernatant was incubated with glutathione agarose
beads at 4°C overnight. After five washes with PBS, GST proteins were eluted
with 10 mM glutathione in 50 mM Tris HCl, pH 8.5. The eluates were dialyzed
in buffer A150 containing 25 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl,
0.1% NP-40, and 10% glycerol. The protein concentration was determined with
a bicinchoninic acid protein assay kit (Pierce). The purity was assessed by Coo-
massie brilliant blue staining of proteins separated by SDS-PAGE. The purified
GST proteins were divided into aliquots and stored at 	80°C until use.

In vitro kinase assay. 293 cells seeded into 100-mm dishes were transfected
with 10 �g of HA-tagged RSK expression vector. After serum starvation for 24 h,
the transfected cells were induced with 20% FBS for 10 min. Whole-cell lysates
were made, and HA-RSK1 or HA-RSK2 proteins were immunoprecipitated with
50 �l of EZview red anti-HA affinity beads. After two washes with lysis buffer and
three with TBS buffer, the immunoprecipitated beads were resuspended in 100
�l of TBS plus 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, and 1�
protease inhibitor cocktail (Roche). The kinase reaction was performed by in-
cubation of 5 �l of IP complexes with 2.5 �g GST substrates in 25 �l of 1� kinase
assay buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 20 mM �-glycerolphosphate,
1 mM dithiothreitol, 20 mM MgCl2, 1 mM Na3VO4, 1 �g/ml bovine serum
albumin, 20 �M ATP, and 5 �Ci [�-32P]ATP). The reactions were kept at 30°C
for 30 min and stopped by addition of PAGE loading buffer. After fractionation
of samples by 10% SDS-PAGE, the gel was dried and exposed to X-ray film or
analyzed with a PhosphorImager. The immunoprecipitated HA-RSK proteins
were processed for Western analysis with anti-HA antibody.

Stable cell lines in which both RSK1 and RSK2 are knocked down by siRNA.
Hairpin-forming oligonucleotides were designed and cloned into RNAi-Ready
pSIREN-RetroQ vector (Clontech) according to the manufacturer’s instructions.
Four small interfering RNAs (siRNAs) for each gene were initially designed, and
the two most-effective ones were chosen for further studies. The two for human
RSK1 (accession no. NM_002953) are siRNA-RSK1-2 (CCATGACACTGATT
CTGAA) and siRNA-RSK1-4 (TGAGGAGGGCCACATCAAA). The two for
human RSK2 (accession no. NM_004586) are siRNA-RSK2-1 (GAAGAAGGC
CACACTGAAA) and siRNA-RSK2-3 (GCCTGAAGATACATTCTAT). Oli-
gonucleotides encoding missense siRNA and luciferase siRNA were also cloned
into the vector as controls. The pSIREN-RetroQ plasmid includes a puromycin-
resistance gene, so transduced cells can be selected by puromycin exposure. To
select cells that were transduced by both RSK1 and RSK2 siRNAs, we modified
the pSIREN-RetroQ-RSK1 vectors that express RSK1 siRNAs. We replaced the
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puromycin-resistance gene in the pSIREN-RetroQ backbone with a hygromycin-
resistance gene from pTRE2hyg (Clontech). Retroviruses were packaged in
GP2-293 cells and used to infect 293 or BCBL-1 cells. The cells infected with
both siRNA-RSK1-expressing retroviruses and siRNA-RSK2-expressing retrovi-
ruses were selected with 2 �g/ml puromycin (Clontech) and 200 �g/ml hygro-
mycin (Invitrogen). The pooled cells were examined for RSK1 and RSK2 levels
by Western blotting.

Virion purification and infection. BCBL-1 cells were induced with 20 ng/ml
TPA, and BAC3636 or BAC-stop45 stable 293T cells were induced with 20 ng/ml
TPA and 0.3 mM sodium butyrate for 4 to 5 days. The extracellular viruses were
purified from the culture supernatant as described previously (49, 52). Briefly,
media from the induced cultures were collected and passed through 0.45-�m
filters. The virions were then pelleted at 27,000 rpm for 1 h on a 25% sucrose
cushion with a Beckman SW28 rotor. The pellets were dissolved in 1% original
volume of 1� PBS or Dulbecco’s modified Eagle’s medium and stored at 	80°C.
Viral genomes were determined by real-time PCR with primers amplifying the
KSHV ORF73 gene. The infectivity of virus stocks was determined by latent
nuclear antigen immunofluorescence assay (LANA IFA) for BCBL-1-derived
virus and by GFP expression for BAC36-derived virus.

IFA. The primary antibodies used in the immunohistochemistry studies in-
cluded anti-ORF45 2D4A5 (1:500), anti-RSK1 (1:200), anti-RSK2 (1:200), an-
ti-K8 monoclonal immunoglobulin G (IgG) (1:1,000), and sheep anti-bromode-
oxyuridine (anti-BrdU) antibody (1:200 dilution; purchased from Capralogics,
Inc., Hardwick, MA).

BCBL-1 cells were treated with TPA (20 ng/ml) for 48 h. The cells were
washed with PBS and fixed with 2% paraformaldehyde in PBS for 10 min at room
temperature. The fixed cells were spun onto Shandon double cytoslides at 1,000
rpm for 5 min. The slides were immersed in PBS for 5 min, permeabilized in
0.2% Triton X-100 in PBS for 20 min on ice, and washed once with PBS. For the
double-label experiment, the primary mouse monoclonal and rabbit polyclonal
antibodies were diluted together and incubated with cells on the slides at room
temperature for 1 h. After washing, the cells were incubated with fluorescein
isothiocyanate (FITC)-conjugated anti-mouse IgG and Texas Red-conjugated
anti-rabbit antibodies (Vector Laboratories, Inc., Burlingame, CA) at room
temperature for 1 h.

For BrdU staining, TPA-treated BCBL-1 cells were incubated in medium
containing 10 �M BrdU (Sigma) for 60 min before fixation. After immunostain-
ing with primary antibodies and secondary antibodies tagged with Cy5 or FITC
according to the procedure described above, the pulse-labeled cells were fixed
again with 2% paraformaldehyde in PBS for 20 min at room temperature and
then incubated with 2 N HCl for 30 min at room temperature so that incorpo-
rated BrdU residues were exposed. Sheep anti-BrdU antibody was added and
incubated with the cells for 45 min. The cells were then incubated with Texas
Red-tagged secondary antibody. All secondary antibodies were diluted at 1:250.

The slides were examined with a Leica TCS SPII confocal laser scanning
system. Two or three channels were recorded simultaneously or sequentially.
Data acquisition was controlled for possible breakthrough between the green and
red channels and between the blue and red channels.

Nucleotide sequence accession numbers. The sequences for siRNA-RSK1-2
and siRNA-RSK1-4 and for siRNA-RSK2-1 and siRNA-RSK2-3 were submitted
to GenBank under accession no. NM_002953 and NM_004586, respectively.

RESULTS

Association of RSK1/RSK2 with KSHV ORF45. To identify
potential ORF45-associated cellular and viral proteins, we im-
munoprecipitated ORF45 and associated molecules from ly-
sate of TPA-induced BCBL-1 cells using monoclonal anti-
ORF45 2D4A5. As controls, we included KSHV-free BJAB
cell lysate in the IP experiment. The IP protein complexes were
separated by SDS-PAGE, and resolved proteins were visual-
ized by silver staining (Fig. 1A). Several specific protein bands
were present in the samples derived from the induced BCBL-1
cells (Fig. 1A, lane 1) but not in those from BJAB cells (Fig.
1A, lane 3) or in the sample precipitated with regular IgGs
(Fig. 1A, lanes 2 and 4). These proteins were excised from the
gel and subjected to trypsin digestion followed by liquid chro-
matography-tandem mass spectrometry analysis as described
previously (49). The doublet bands around 90 kDa were found

to be p90 RSK1 and p90 RSK2. Western blotting with specific
anti-RSK1 and anti-RSK2 antibodies confirmed their identities
(Fig. 1A). A previously identified ORF45 binding partner,
IRF-7, that comigrated with ORF45 was also confirmed by
Western blotting (Fig. 1A). To exclude the possibility that
RSKs are directly recognized by the antibody 2D4A5 because
of cross-reactivity, we used anti-Flag affinity beads to immu-
noprecipitate Flag-ORF45 from lysates of 293 cells that were
transiently transfected with Flag-tagged ORF45 expression
vector. The immunoprecipitated ORF45 and associated pro-
teins were eluted with 3� Flag peptides and analyzed by SDS-
PAGE followed by silver staining. The doublet bands of RSK1
and RSK2 were present in the immunocomplex of Flag-tagged
ORF45 but not in that of Flag-tagged luciferase (Fig. 1B).
Their identities were confirmed by Western blotting (Fig. 1B).
Collectively, these data demonstrated that RSK1/RSK2 inter-
acted with ORF45 in the cell. Other bands that appear to be
specific were identified as cellular proteins related to the cy-
toskeleton, implying that ORF45 may be involved in intracel-
lular viral trafficking. However, the specificity and functional
role of the interaction between these cytoskeleton proteins and
ORF45/RSKs await further study.

Next we determined the domains of ORF45 that bind to
RSKs. A series of ORF45 truncation mutants were generated
and cotransfected into 293 cells with HA-tagged RSK1 expres-
sion vector pKH3-RSK1 (Fig. 2A). The lysates were immuno-
precipitated using anti-Flag M2 affinity gel, followed by West-
ern blot analysis. Truncation from the C terminus up to aa 115
(mutants 1 to 332, 1 to 237, or 1 to 115) did not affect binding
to RSK1. Mutants with deletions of the first N-terminal 19 aa
retained function, but further deletions (aa 77 to 407, 90 to
407, and 115 to 407) abolished the interaction between ORF45
and RSK1. Deletion of the acidic amino acid cluster (90 to 115
aa) did not affect the interaction, while deletion of the 20- to
77-aa region abolished the interaction. The experiment was
repeated with a RSK2 construct, and a similar result was ob-
tained (data not shown). These experiments demonstrated that
the region between aa 20 to 90 of ORF45 is essential for
binding to RSK1/RSK2.

We next mapped the region of RSK1/RSK2 that interacts
with ORF45. RSKs are known to have two kinase domains: the
NTKD and CTKD (35). Full-length and truncation mutants
containing either the NTKD (1 to 418 aa) (Fig. 2C, lane 3) or
the CTKD (321 to 735 aa) (Fig. 2C, lane 4) were cotransfected
into 293 cells with Flag-tagged ORF45. Co-IP and Western
blotting showed that NTKD interacts with ORF45 (Fig. 2C,
lane 3).

Phosphorylation of ORF45 by RSKs. We have shown before
that ORF45 is heavily phosphorylated in the cells (53). The
association of ORF45 and RSKs raises the possibility that
ORF45 may be a target for phosphorylation. To test whether
RSKs phosphorylate ORF45 directly, we performed in vitro
kinase assays using GST-ORF45 deletion mutants collectively
covering the whole ORF45 molecule (Fig. 3). The immuno-
precipitated HA-RSK2 was incubated with substrates in the
presence of [�-32P]ATP. As a positive control, GST-S6 fusion
protein was efficiently phosphorylated by HA-RSK2 (lane 6)
but not by kinase-dead mutant HA-RSK2NA (lane 5). In ad-
dition, neither GST alone nor GST–IRF-7 fusion protein were
phosphorylated under the same conditions, confirming the
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specificity of the assay (lanes 1 to 4). Among the GST-ORF45
mutants, only one which encompasses aa 1 to 115 was strongly
phosphorylated. This region overlaps the RSK binding domain
(aa 20 to 90), as shown above. In all cases, autophosphoryla-
tion of active RSK2 was easily detected. The experiment was
repeated with immunoprecipitated RSK1 and similar results
were obtained (data not shown). These experiments demon-
strate that RSK1/RSK2 directly phosphorylates ORF45 in
vitro.

ORF45 activates RSK1/RSK2. To explore the functional
consequence of this interaction, we determined whether
ORF45 affects RSK kinase activity. We cotransfected HA-
tagged RSK2 expression vector pKH3-RSK2 with pCR3.1-
ORF45 or empty vector pCR3.1 into 293 cells. Cells were
serum starved for 24 h, then stimulated with serum or TPA as
indicated. In vitro IP kinase assays were performed with
GST-S6 as substrate and GST as control. In the absence of
serum or TPA stimulation, RSK2 had low basal activity (Fig. 4,
lane 2); ORF45 greatly increased RSK2 activity toward phos-
phorylation of GST-S6 peptide (Fig. 4, lane 4). The stimulation
by ORF45 is greater than that caused by serum (compare lanes

4 and 6) or TPA treatment (compare lanes 4 and 10). In the
presence of serum, ORF45 further stimulated RSK2 activity
severalfold (lanes 8 and 6). Similarly, in the presence of TPA,
ORF45 further stimulates RSK2 activity (lanes 12 and 10). In
the cells cotransfected with ORF45, serum (lanes 8 and 4) and
TPA (lanes 12 and 4) only minimally increased RSK2 activi-
ties, suggesting that ORF45 can maximally activate RSK activ-
ity. In addition, RSKs prepared from ORF45-expressing cells
all showed strong autophosphorylation (lanes 3, 4, 7, 8, 11, and
12), suggesting that ORF45 increases RSK2 autophosphoryla-
tion. In control reactions, GST was not phosphorylated by the
IP complex (odd lanes). Western blotting showed the levels of
input RSK2 in each reaction to be comparable. All these data
support that ORF45 activates RSK2 kinase activity. Further-
more, strong diffuse bands were detected on autoradiography
of kinase reactions derived from ORF45-expressing cells.
Western blotting confirmed that they are ORF45. This result
not only confirmed the interaction of RSK2 and ORF45 but
also suggested that ORF45 was phosphorylated, presumably by
the associated RSK2. Experiments with the RSK1 construct
gave identical results.

FIG. 1. Association of RSK1 and RSK2 with KSHV ORF45. (A) Lysates of TPA-induced BCBL-1 (lanes 1 and 2) and BJAB (lanes 3 and 4)
were immunoprecipitated with anti-ORF45 monoclonal antibody 2D4A5 (lanes 1 and 3) or control mouse IgG (lanes 2 and 4). The immuno-
precipitated complexes were resolved by 4 to 12% NuPAGE and visualized by silver staining. The doublet bands (marked by an asterisk) around
90 kDa were identified as human RSK1 and RSK2. The position of comigrated ORF45 and IRF-7 is marked by a plus sign. The IP complexes were
subjected to Western blotting (WB) with anti-RSK1, anti-RSK2, anti-IRF7, and anti-ORF45 antibodies as indicated. (B) Lysates of 293T cells
transfected with Flag-tagged ORF45 (lane 1) or luciferase (lane 2) were immunoprecipitated with anti-Flag M2 affinity gel. The IP complexes were
eluted with 3� Flag peptides, and the eluates were resolved by SDS-PAGE and visualized by silver staining. The doublet bands marked by an
asterisk are RSK1 and RSK2. The IP eluates were also analyzed by Western blotting with antibodies anti-RSK1, anti-RSK2, anti-Flag, and
anti-ORF45 as indicated.
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RSK activation by ORF45 depends on ERK1/ERK2 but not
on MEK. Activation of RSKs by ERK MAPK signaling in-
volves sequential phosphorylation events at several serine and
threonine residues (Ser221, Ser359/Ser363, Ser380, and
Thr573; positions represent the human RSK1 aa sequence)
(35). We were interested in determining whether these sites
are also phosphorylated in ORF45-activated RSKs. We co-
transfected pKH3-RSK1 with either the full length of ORF45
or its truncation mutants into 293 cells. After serum starvation,

we prepared cell lysate for Western blotting with phosphory-
lation-specific antibodies to examine the phosphorylation sta-
tuses of these key residues (Fig. 5A). We also performed IP
kinase assays to assess the abilities of ORF45 mutants to acti-
vate RSK (Fig. 5B). The results showed that ORF45 constructs
that preserved the RSK binding domain (aa 20 to 90) including
the full length of aa 1 to 407 (lane 6) and 1 to 115 (lane 5) and
the internal deletion mutant �(90-115) (lane 1) are able to
activate RSK (Fig. 5B), as shown by phosphorylated GST-S6

FIG. 2. Mapping the binding domains of ORF45 and RSKs. (A) In vivo co-IP assay. HEK293 cells were transiently transfected with HA-RSK1
and full-length Flag-ORF45 (1 to 407 aa) or its deletion mutants aa 1 to 332, 1 to 237, 1 to 115, 19 to 407, 77 to 407, 90 to 407, 115 to 407, �(20-77),
and �(90-115). Cell lysates were immunoprecipitated on an anti-Flag M2 affinity gel. The IP complexes were immunoblotted with anti-HA (top
panel) and anti-Flag (middle panel). The whole-cell lysates (WCL), analyzed with anti-HA, showed similar expression of HA-RSK1 in all samples
(bottom panel). (B) Diagram of ORF45 constructs used in the binding assays. Their binding abilities with RSK1 or with RSK2 are summarized
on the right. (C) The NTKD binds to KSHV ORF45. HEK293 cells were transfected with Flag-ORF45 only (lane 1) or cotransfected with
Flag-ORF45 and full-length HA-tagged RSK (FL, lane 2), the NTKD (lane 3), or the CTKD construct (lane 4). The lysates of transfected cells
were immunoprecipitated on an anti-Flag affinity gel. The IP complexes were eluted with 3� Flag peptides, and the eluates were analyzed by
immunoblotting with anti-HA (top panel) and anti-Flag (middle panel). Aliquots of whole-cell lysates (bottom panel) were analyzed by immu-
noblotting with anti-HA to reveal the input RSK. WB, Western blot.
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and autophosphorylation of RSK. The three ORF45 products
all coprecipitated with HA-RSK and were phosphorylated in
the assay conditions (Fig. 5B). All three ORF45s of these
constructs induced RSK phosphorylation at the Ser359/Ser363,
Ser380, and Thr573 sites (Fig. 5A, lanes 1, 5, and 6). Other
constructs that lost the RSK binding domain were unable to
activate RSK (Fig. 5B, lanes 2, 3, and 4) and also failed to
induce RSK phosphorylation at these sites (Fig. 5A, lanes 2, 3,
and 4). In contrast, Ser221 of RSK1 was phosphorylated at a
similar level in all samples regardless of ORF45 expression
(Fig. 5A), confirming that this site is constitutively phosphory-
lated. These results demonstrate that the increased RSK ki-
nase activities were correlated with the phosphorylation status
of the key residues.

Ser359/Ser363 and Thr573 of RSK are phosphorylated by
ERK1/ERK2 in MAPK signaling. We next examined whether
ERK1/ERK2 and its upstream kinase MEK are involved in
RSK activation by ORF45. Human embryonic kidney
(HEK293) cells were transfected with empty vector (Fig. 5C,
lanes 1, 2, and 7 to 10), full-length ORF45 (lanes 3 and 4), or
truncated mutant aa 1 to 115 (lanes 5 and 6). Cells were serum
starved and treated with 10 �M MEK inhibitor U0126 before
serum or TPA stimulation as indicated. Cell lysates were ana-
lyzed by Western blotting with phosphorylation-specific anti-
bodies against MEK, ERK1/ERK2, and RSK (Fig. 5C). Full-
length ORF45 and the truncated mutant aa 1 to 115 induced
RSK phosphorylation as expected. ORF45 also induced ERK
phosphorylation but, surprisingly, no MEK phosphorylation,

suggesting that RSK activation by ORF45 does not require
MEK. In the presence of MEK inhibitor U0126, ORF45-in-
duced RSK1 phosphorylations at Ser380 and Thr359/Ser363
were barely affected (Fig. 5C, lanes 4 and 6), but such phos-
phorylations induced by TPA (lane 8) and serum (lane 10)
were completely abolished. Interestingly, in the presence of
U0126 and transfected ORF45, p44 ERK1 phosphorylation
was completely abolished, but p42 ERK2 phosphorylation was
not affected. These results suggest that ORF45-induced RSK
activation is ERK dependent but MEK independent. Exami-
nation of other MAPKs such as p38 and ERK5 revealed that
ORF45 specifically induced ERK/RSK activation (data not
shown).

RSKs are activated during KSHV primary infection and
reactivation from latency. Several reports have shown that
ERK MAPK signaling is activated during KSHV infection (40,
44). To determine whether RSKs are also activated, we in-
fected serum-starved 293 cells with KSHV at different multi-
plicities of infection (MOI) (viral genome copies/cell) for 30
min. The lysate of the infected cells was analyzed by Western
blotting with anti-phospho-RSK1/RSK2 and anti-phospho-
ERK1/ERK2. KSHV infection increased RSK and ERK phos-
phorylation dose dependently (Fig. 6A). The maximal activa-
tion was seen at an MOI of 10, but substantial induction was
also observed at lower MOI, suggesting that this phosphoryla-
tion event is physiologically relevant. Total RSK and ERK

FIG. 3. Phosphorylation of ORF45 by RSK2. HA-tagged pKH3-
RSK2 and pKH3-RSK2NA (kinase-dead mutant) vectors were trans-
fected into HEK293 cells. The transfected cells were starved for 24 h
and then treated with 20% FBS for 10 min to activate RSK. Cell lysates
were immunoprecipitated with anti-HA affinity gel. The IP HA-RSK2
(even lanes) and HA-RSK2NA (odd lanes) were used for in vitro
kinase assays with GST-ORF45 fusion proteins encompassing aa 1 to
115 (lanes 7 and 8), 115 to 237 (lanes 9 and 10), 238 to 332 (lanes 11
and 12), and 332 to 407 (lanes 13 and 14) as substrates. GST-S6 (lanes
5 and 6) was included as a positive control. GST (lanes 1 and 2) and a
GST-IRF7 fusion protein (lanes 3 and 4) were not phosphorylated
under the assay conditions and served as negative controls.

FIG. 4. ORF45 stimulates RSK kinase activity. pKH3-RSK2 plas-
mids were cotransfected with pCR3.1-ORF45 or empty vector pCR3.1
into 293 cells. After 24 h of serum starvation, the transfected cells were
left untreated (lanes 1 to 4) or were treated with 20% FBS (lanes 5 to
8) or TPA (lanes 9 to 12) for 10 min. HA-RSK2 kinases were immu-
noprecipitated with anti-HA and mixed with GST (odd lanes) or
GST-S6 (even lanes) for in vitro kinase assays. Bands on the autora-
diography panel are phosphorylated GST-S6, coimmunoprecipitated
ORF45, and autophosphorylated HA-RSK2, as marked. The IP com-
plexes in each reaction were analyzed by Western blotting (WB) to
show the equal input of HA-RSK2 in each reaction and to confirm the
identity of the coimmunoprecipitated ORF45. Coomassie blue staining
of the GST-S6 and GST substrates in each reaction was also shown.
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protein levels were not affected by KSHV infection, as deter-
mined by reprobing of the membrane with antibodies against
total RSK1 and ERK1/ERK2 (Fig. 6A). These results demon-
strated that KSHV de novo infection activates the endogenous
RSK and ERK.

To determine the kinetics of RSK phosphorylation induced
by KSHV infection, we analyzed lysate of serum-starved cells
infected with KSHV (MOI of 10) for different lengths of time.
A strong increase in RSK phosphorylation was seen at 30 min
postinfection (pi), and the phosphorylation level decreased at
1, 2, and 4 h pi (Fig. 6B). The RSK phosphorylation increased
again at 8 h pi and remained at that level. Similarly, ERK
phosphorylation peaked at 30 min pi, decreased at later time
points, and then increased again (Fig. 6B). The early RSK

activation by KSHV requires virus binding to the target cells
because prevention of virus binding with heparin blocks RSK
activation (data not shown).

Next we examined whether RSKs are activated during reac-
tivation. BCBL-1 cells carrying latent KSHV infection were
treated with TPA. RSK and ERK phosphorylation increased
after TPA induction. Beginning 5 h after induction, ERK and
RSK phosphorylation became partially resistant to U0126
treatment (Fig. 6C). Since the ORF45-induced ERK/RSK ac-
tivation is MEK independent, it implies that ORF45 may play
a role in ERK/RSK activation during KSHV lytic replication.

Role of ORF45 in RSK activation during KSHV infection.
To investigate the role of ORF45 in RSK activation during
KSHV infection, we compared the levels of RSK phosphory-

FIG. 5. Activation of RSK1/RSK2 by ORF45 in vivo. (A) Phosphorylation status of key residues of RSK activated by ORF45. pKH3-RSK1
plasmids were transfected with full-length Flag-tagged ORF45 or deletion mutants as indicated. After serum starvation for 24 h, cell lysates were
prepared and analyzed by Western blotting with phosphorylation-specific antibodies to phospho-S221, phospho-T359/S363, phospho-S380,
phospho-T573, and anti-Flag antibody. (B) Kinase activities of RSK with coexpressed ORF45 or its mutants. The cell lysates were also
immunoprecipitated with anti-HA, and the IP complexes were mixed with GST-S6 for an in vitro kinase assay measuring the kinase activity of
RSK1. The full-length sample (1 to 407 aa, lane 6), the mutant containing aa 1 to 115 (lane 5), and the mutant from which aa 90 to 115 are deleted
are able to bind to RSK and were coprecipitated with HA-RSK. They were phosphorylated under the assay conditions, and their positions are
marked with arrowheads. (C) Activation of RSK by ORF45 depends on ERK but not on MEK. pKH3-RSK1 plasmids were cotransfected into 293
cells with empty vectors (lanes 1, 2, and 7 to 10), full-length ORF45 (lanes 3 and 4), or the ORF45 deletion mutant containing aa 1 to 115 (lanes
5 and 6). The transfected cells were starved for 24 h and then treated with vehicle (lanes 1 to 6), with TPA (lanes 7 and 8), or with 20% FBS (lanes
9 and 10) in the presence (even lanes) or absence (odd lanes) of MEK inhibitor U0126. Whole-cell lysates were subjected to Western blotting with
the phosphorylation-specific antibodies to RSK phospho-S380, phospho-T359/S363, pERK, and pMEK. The blots were then stripped and reprobed
with anti-RSK1, ERK, and MEK as indicated.
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lation in cells infected with recombinant KSHV viruses BAC36
(wild type) with levels in cells infected with BAC-stop45
(ORF45 null) (52). Serum-starved 293 cells were infected with
BAC36 and BAC-stop45 at 10 genome copies per cell. Lysates
were prepared at different intervals after infection and ana-
lyzed for RSK phosphorylation. ORF45-null virus infection
induced about the same levels of activation of RSK (Fig. 7A,
top row, lanes 2 and 7) and ERK1/ERK2 (third row, lanes 2
and 7) at 0.5 h pi, indicating that ORF45 does not seem to play
a major role in the immediate-early transient activation of
RSK and ERK. This result is not surprising because the KSHV
virion envelope proteins have been shown to trigger ERK
activation (40). But beginning at 4 h pi, the second cycle of
RSK (Fig. 7A, top row, lanes 5 and 10, lanes 6 and 11) and
ERK (third row, lanes 5 and 10, lanes 6 and 11) phosphoryla-
tion was noticeably lower in ORF45-null-infected cells. This
result suggests that ORF45 played a more significant role in
the second phase of RSK and ERK activation during KSHV
infection.

To determine whether ORF45 plays any role in RSK and
ERK activation during reactivation, we examined the phosphor-

ylation of RSK and ERK in TPA-induced BAC36 and BAC-
stop45 stable cells at the different time points. The levels of
RSK and ERK phosphorylation were comparable at the early
stage up to 8 h after TPA treatment (Fig. 7B), suggesting that
the role of ORF45 is minimal in the early phase of RSK and
ERK activation. The levels of RSK and ERK phosphorylation
decreased in ORF45-null cells after TPA induction for 24 h;
however, the levels in ORF45 wild-type cells were sustained.
These results support that ORF45 contributes to sustained
RSK and ERK phosphorylation in KSHV reactivation.

Role of RSKs in KSHV primary infection. The MAPK signal
pathways have been shown to be involved in different aspects
of the virus life cycle. To determine whether RSKs play any
role in the KSHV life cycle, we generated stable 293 cell lines
in which both RSK1 and RSK2 were knocked down by retro-
virus-based siRNAs. Western blotting showed that expressions
of both RSK1 and RSK2 were reduced by 
90%, to undetect-
able levels. These cells show no obvious difference in morphol-
ogy or growth rate from their parental cells. The cells do not
trigger nonspecific antiviral response because both herpes sim-
plex virus type 1 and vesicular stomatitis virus replicate equally
well in the siRNA-transduced cells and the parental cells (data
not shown).

To determine the effect of RSK1/RSK2 knockdown on
KSHV infection, we infected siRNA-RSK1/RSK2-transduced
cells and control cells with BAC36 recombinant viruses.
BAC36 contains a GFP-expressing cassette, so KSHV infec-
tion can be monitored by GFP expression. Three days after
infection, examination of the infected cells with fluorescence
microscopy revealed similar infection rates in the RSK1/RSK2
siRNA-transduced and control cells (data not shown). Western
blot analysis confirmed similar expression levels of GFP and
KSHV LANA in RSK1/RSK2 knockdown and control cells
(Fig. 8A), suggesting that RSK1 and RSK2 do not affect KSHV
primary infection which automatically results in latency. How-
ever, the expressions of lytic genes such as PF8/ORF59 and
ORF45 were noticeably lower in siRNA-RSK1/RSK2-trans-
duced cells than in control cells (Fig. 8A, lanes 1 and 2),
indicating that RSK1 and RSK2 affect KSHV reactivation from
latency. Indeed, when the infected cells were incubated in the
presence of TPA, expressions of PF8/ORF59 and ORF45 were
significantly lower in RSK1/RSK2 siRNA-transduced cells
than in control cells while levels of LANA and GFP expression
were the same (Fig. 8A, lanes 3 and 4). These results suggest
that RSK1 and RSK2 play an essential role in lytic replication.

RSK1 and RSK2 are required for KSHV reactivation and
virion production. To confirm that RSK1/RSK2 play a role in
KSHV reactivation, we tested the effect of RSK1/RSK2 knock-
down on KSHV reactivation in BCBL-1 cells. The level of
RSK1/RSK2 expression was reduced by 
90% in stable
siRNA-RSK1/RSK2-treated cells (Fig. 8B). We induced both
siRNA-RSK1/RSK2-transduced and control cells with TPA for
72 h to trigger KSHV lytic replication. The lysates of the
induced cells were examined with Western blotting. Expres-
sions of lytic genes RTA/ORF50, ORF45, K8, and ORF59
were all greatly inhibited at 72 h in siRNA-RSK1/RSK2-trans-
duced cells, whereas expression of latent gene LANA was not
affected (Fig. 8B, lanes 3 and 4). In the absence of TPA in-
duction, depletion of RSK1/RSK2 by siRNA also inhibited
KSHV spontaneous lytic gene expression.

FIG. 6. KSHV infection induces RSK phosphorylation. (A) Dose-
dependent RSK phosphorylation upon KSHV infection. HEK293 cells
were serum starved for 24 h and then were either mock infected or
infected with KSHV at different MOIs (genome copies/cell) for 30 min
at 37°C. The lysates was subjected to Western blotting and reacted with
anti-phospho-RSK and anti-phospho-ERK1/ERK2 antibodies. The
blots were stripped and reprobed with anti-RSK1 and anti-ERK.
(B) Kinetics of RSK activation by KSHV infection. After 24 h of serum
starvation, the HEK293 cells were either mock infected or infected
with KSHV (MOI of 10) for the times indicated. Cell lysates were
analyzed by Western blotting with anti-phospho-RSK, anti-phospho-
ERK1/ERK2, and anti-ORF45 antibodies. The membranes were
stripped and reprobed to detect total RSK1 and ERK. (C) RSKs are
activated during KSHV reactivation. BCBL-1 cells were induced with
TPA in the absence and presence of U0126 for the times indicated.
Cell lysates were analyzed by Western blotting with anti-ORF45 and
phosphorylation-specific antibodies of RSK and ERK. The membranes
were stripped and reprobed with antibodies to total RSK1 and ERK.
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Lytic replication leads to production of infectious virus prog-
eny. To determine whether knockdown of RSK1/RSK2 inter-
feres with progeny virus production, we determined the yields
of viruses purified from the TPA-induced medium of siRNA-
RSK1/RSK2-treated BCBL-1 and control cells by Western
blotting with antibodies against capsid protein ORF65 and
tegument protein ORF21. In contrast to that from control
cells, the release of virus from RSK1/RSK2 knockdown
BCBL-1 cells was inhibited to undetectable levels (Fig. 8C), so
we conclude that RSK1 and RSK2 are required for KSHV lytic
replication.

A specific RSK NTDK inhibitor, BI-D1870, has recently
been developed (38). To determine whether inhibition of RSK
activity affects KSHV lytic replication, we induced BCBL-1
cells with TPA in the presence of 10 �M BI-D1870 (38), a
concentration that has been tested to have no cytotoxicity.
Cells were collected 48 h after induction and analyzed for lytic
gene expression by Western blotting. The data suggested that
inhibition of RSK activity by BI-D1870 greatly suppressed
KSHV lytic gene expression induced by TPA and also the

spontaneous lytic replication, but it had little effect on latent
gene LANA expression (Fig. 8D).

RSK1 and RSK2 are colocalized with ORF45 in both the
cytoplasm and the nucleus. To explore the functional role of
the interaction of ORF45 and RSK and the mechanism of
RSK1 and RSK2 involvement in KSHV lytic replication, we
examined their subcellular localizations during KSHV lytic
replication, induced by treatment of BCBL-1 cells with TPA
for 48 h. The cells were fixed, permeabilized, and examined
with a double-staining IFA. ORF45 is localized predominantly
in the cytoplasm, but a portion accumulates in the intranuclear
structures that resembles viral replication compartments
(VRCs) (Fig. 9A). VRCs have been described as globular
intranuclear structures where viral DNA synthesis, initial DNA
packaging, and virion assembly take place (13). The distribu-
tions of RSK1 and RSK2 differ in ORF45-positive and -nega-
tive cells. In ORF45-negative cells, RSK1 and RSK2 were
distributed in both the cytoplasm and nucleus with a slight
preference for the cytoplasm (Fig. 9A). In the ORF45-positive
cells, a subset of RSK1 and RSK2 was recruited into the VRC-

FIG. 7. Role of ORF45 in RSK activation during KSHV infection. (A) RSK activation by ORF45 wild-type and ORF45-null recombinant
KSHV viruses. HEK293 cells were infected with recombinant KSHV BAC36 wild-type or ORF45-null BAC-stop45 viruses for the times indicated.
Cell lysates were analyzed by Western blotting with anti-phospho-RSK, anti-phospho-ERK, or anti-ORF45 antibodies. Membranes were stripped
and reprobed with anti-ERK or anti-RSK antibodies. (B) RSK activation by ORF45 wild-type and ORF45-null viruses during TPA-induced
reactivation. Stable 293T cells carrying BAC36 wild-type or ORF45-null BAC-stop45 viral genomes were treated with TPA for the times indicated.
Cell lysates were analyzed by Western blotting with anti-phospho RSK, anti-phospho-ERK1/ERK2, or anti-ORF45 antibodies. Membranes were
stripped and reprobed with anti-ERK or anti-RSK antibodies.

1846 KUANG ET AL. J. VIROL.



like structures that are colocalized with ORF45. (We at-
tempted to determine whether the intranuclear RSK1 and
RSK2 are active forms by IFA with various phosphorylation-
specific antibodies from different sources, but we failed to
obtain a clear result because of low sensitivities of the anti-
bodies.) To confirm that the intranuclear bodies are indeed
functional VRC where viral DNA synthesis indeed takes place,
we pulse-labeled the induced BCBL-1 cells with BrdU and

performed triple staining to detect RSK2, K8, and freshly syn-
thesized DNA. K8 has been shown to be involved in KSHV
lytic DNA replication and to colocalize with other viral repli-
cation proteins in the VRC (43). Figure 9B shows that RSK2
(green) colocalizes with both BrdU (red) and K8 (blue), con-
firming that RSKs are present in functional VRCs. The pres-
ence of RSK1 and RSK2 in the VRCs further supports that
RSK1 and RSK2 play an essential role in KSHV lytic replica-
tion.

DISCUSSION

The research reported here demonstrates that a KSHV im-
mediate-early and tegument protein, ORF45, interacts with
RSK1 and RSK2 and significantly stimulates their kinase ac-
tivities. We found that these kinases are activated during
KSHV primary infection. ERK/RSK signaling are also acti-
vated and sustained during KSHV reactivation. Depletion of
RSK1/RSK2 gene expression by siRNA or inhibition of their
activities by a specific inhibitor, BI-D1870, blocks KSHV lytic
gene expression and abolishes progeny virion production, dem-
onstrating an essential role of RSK1/RSK2 in KSHV lytic
replication.

Activation of RSKs during KSHV primary infection and
reactivation. Even though MEK/ERK activation has been
shown to be important for KSHV primary infection and reac-
tivation (11, 16, 31, 40, 47), whether the signaling relays to
RSKs, direct substrates and functional mediators of ERK1/
ERK2, remains unknown. Our studies suggest that RSK1 and
RSK2 are activated with biphasic kinetics similar to those of
ERK1/ERK2 during KSHV primary infection. The first wave
of activation by KSHV infection relies on binding and/or entry
and is independent of viral gene expression, because UV-
irradiated KSHV also activates ERK1/ERK2 (40). The second
wave of ERK/RSK activation is sustained and coincides with
viral gene expression. Although other viral factors could also
be involved, we demonstrated that ORF45 contributes signif-
icantly to the late sustained ERK/RSK activation. During pri-
mary infection, the ORF45-null recombinant KSHV virus
BAC-stop45 triggered weaker activation of ERK/RSK than did
wild-type BAC36 in the second phase. During reactivation,
although the activation of ERK and RSK remains at high levels
in BAC36-293T cells 24 h after infection, the level is signifi-
cantly lower in BAC-stop45 cells after that time. In TPA-
induced BCBL-1 cells, a U0126-resistant ERK/RSK phosphor-
ylation occurred 5 h after induction. Because ORF45-mediated
ERK/RSK activation is independent of MEK, ORF45 could play
a significant role at this stage.

Activation of RSKs by KSHV ORF45. ORF45 is tightly as-
sociated with RSK1/RSK2 and activates its activity. Analysis of
the phosphorylation status of key regulatory residues of RSK,
ERK, and MEK revealed that ERK is activated but MEK is
not. Indeed, MEK-specific inhibitor U0126 has little effect on
RSK activation by ORF45. The independence of MEK sug-
gests that the activation of RSK by ORF45 represents a novel
mechanism of MAPK activation. How does ORF45 activate
RSK1/RSK2? ORF45 lacks a typical kinase domain and seems
not to have intrinsic kinase activity. Activation of RSK by
ORF45 depends on its ability to bind to RSK. The N-terminal
third of the ORF45 coding region (aa 1 to 115) is able to bind

FIG. 8. Essential role of RSK1 and RSK2 in KSHV lytic replica-
tion. (A) Silencing of RSK1/RSK2 by siRNA suppresses KSHV lytic
infection. HEK293 cells were transduced with retrovirus-based control
siRNA-Luc or were transduced with both siRNA-RSK1 and siRNA-
RSK2. Stable siRNA-RSK1/RSK2-transduced and control cells were
infected with KSHV in the presence of 2 �g/ml Polybrene for 4 h and
then washed with PBS and placed in fresh medium. Forty-eight hours
after infection, the cells were left untreated or were treated with TPA
for 24 h. Cells were then lysed and assayed by Western blotting. The
experiments were repeated with different siRNA construct combina-
tions; only a representative result is shown here. (B) Silencing of
RSK1/RSK2 by siRNA suppresses KSHV lytic replication in BCBL-1
cells. BCBL-1 cells stably transduced with control siRNA-Luc or with
siRNA-RSK1/RSK2 were left untreated or were treated with TPA for
72 h. Cell lysates were then prepared and assayed by Western blotting
with the antibodies indicated. (C) Silencing of RSK1/RSK2 by siRNA
suppresses KSHV progeny virion production. The virions secreted into
the medium 4 days after TPA treatment were collected, purified, and
analyzed by Western blotting for the presence of ORF21 (tegument)
and ORF65 (capsid). (D) RSK inhibitor blocks KSHV lytic replication.
BCBL-1 cells were induced with TPA for 72 h in the absence and
presence of RSK inhibitor BI-D1870. Cell lysates were then prepared
and assayed by Western blotting with the antibodies indicated.
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to and stimulate RSK1/RSK2 as efficiently as full-length
ORF45. How does the binding of ORF45 trigger RSK1/RSK2
activation? One possibility is that binding of RSKs to ORF45
could increase the association of ERK to RSKs. ERK has
previously been shown to be associated with RSKs in mamma-
lian cells through the docking site near the carboxyl end in
quiescent cells and to dissociate transiently upon mitogen stim-
ulation. Increased association of ERK with RSK extends the
duration of RSK activation (36). We observed that ORF45
increases the interaction of RSK/ERK even though it does not
bind to ERK directly (E. Kuang and F. Zhu, unpublished
data). A second possibility is that ORF45 could alter the con-
formation of RSK by binding to the RSK NTKD and subse-
quently triggering phosphorylation activity of the CTKD and
possibly ERK1/ERK2. Finally, bound ORF45 might also pro-
tect activated RSK1/RSK2 or the ERK1/ERK2 from cellular
phosphatases or other cellular negative regulators.

RSKs are essential for KSHV lytic replication. Evidence
presented here suggests that RSK1 and RSK2 play critical
roles in KSHV lytic replication. (i) Depletion of the expression
of both RSK1 and RSK2 by siRNA dramatically inhibits TPA-
induced KSHV lytic gene expression and virion production.
These results suggest that RSK1 and RSK2 affect an upstream
signaling pathway that controls reactivation of KSHV. (ii) In-
hibition of KSHV lytic gene expression by RSK inhibitor BI-
D1870 suggests that the kinase activities of RSK1 and RSK2
are needed for the KSHV lytic cycle. (iii) A subset of RSK1
and RSK2 accumulates in VRCs in the nuclei of cells that are
undergoing lytic replication. The VRC consists of viral and
cellular proteins and is the location where viral DNA replica-
tion and subsequent capsid assembly take place (13). The func-
tional role of RSK1/RSK2 in VRCs is not clear, but this local-
ization strongly supports that RSK1 and RSK2 play an
indispensable role in KSHV lytic replication. They could mod-

ulate cellular factors that reside in the VRCs and regulate viral
DNA replication. Viral gene transcription also takes place on
the freshly synthesized DNA, and RSK may also be needed for
regulation of viral gene expression. RSK1 and RSK2 have been
shown to phosphorylate many cellular nuclear and cytoplasmic
targets such as CREB, c-Fos, ETS, CBP, ATF4, Bad, GSK3�,
I�B�, p27KIP1, histone H3, filamin A, and others to regulate
many cellular processes, including transcription, the cell cycle,
survival, and proliferation (18, 35). It remains to be deter-
mined which factors and substrates are directly involved in
KSHV lytic replication. It is possible that some of these factors
may collectively determine the fate of KSHV replication. Be-
sides cellular targets, RSK1 and RSK2 could phosphorylate
viral proteins and modulate their functions. ERK1/ERK2 have
been shown to phosphorylate viral proteins such as influenza
virus NEP and M1 and HIV p6Gag (19, 32) and to participate
in various aspects of the viral life cycle.

Interestingly, loss of ORF45 does not significantly affect
overall viral gene expression during reactivation, whereas
knockdown of RSK1/RSK2 severely suppresses expression of
many viral lytic genes (52). One possible explanation is that
other viral factors can substitute for ORF45 to activate the
ERK/RSK MAPK pathway partially. Indeed several KSHV
gene products have been shown to activate ERK MAPK sig-
naling, including K15, vGPCR, kaposin, and others (4, 25, 42).

Implication for KS pathogenesis. Sustained activation of
ERK/RSK signaling by KSHV has important implications for
KSHV-related diseases. The activated ERK/RSK signaling
during the KSHV lytic cycle could activate a number of tran-
scription factors that reprogram host gene expression. For
example, ERK1/ERK2 and other MAPKs p38 and JNK are
known to activate AP-1 and Ets, which were recently shown to
activate angiogenesis factor angiopoietin 2 (46). The ERK/
RSK pathway is also known as an important regulator for cell

FIG. 9. A portion of RSK1/RSK2 accumulates in the VRC during KSHV lytic replication. (A) BCBL-1 cells were treated with TPA for 48 h,
fixed, permeabilized, and double stained for ORF45 (green) and RSK1 (red) or RSK2 (red) antibodies. (B) BCBL-1 cells were treated with TPA
for 48 h and pulse-labeled with BrdU for 60 min. The cells were subjected to triple-label IFA with mouse monoclonal anti-K8 (blue), rabbit
polyclonal anti-RSK2 (green), and sheep anti-BrdU (red) antibodies.
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survival. Extended cell survival during lytic replication allows
spontaneously reactivated cells to keep producing paracrine
signaling to the neighboring cells. In addition, aberrant RAS/
RAF/ERK activation may be directly linked to carcinogenesis,
and development of pharmacological inhibitors to each kinase
has been a focus of intensive research (33). Misregulation of
RSK2 has recently been implicated in cell transformation and
human prostate cancers (8, 9, 24, 41). Thus, sustained activa-
tion of ERK/RSK signaling probably plays an important role in
KSHV pathogenesis.

Also of interest is that RSK2 may be a key factor mediating
the reciprocal interaction between KSHV and HIV-1. HIV-1
infection is known to increase KS incidence significantly in
individuals infected with KSHV. Direct interplay between
KSHV and HIV involving the HIV-encoded protein Tat has
been suggested. Huang et al. found that ORF45 is the only
KSHV immediate-early protein that interacts synergistically
with Tat in activating expression of the HIV-1 long terminal
repeat (21). Intracellular expression of Tat also increased hu-
man herpesvirus 8 lytic gene expression (21, 48). Extracellular
Tat has also been shown to act as a growth factor promoting
KS cell growth and increasing KSHV infectivity (3, 15). Re-
cently, Tat was demonstrated to recruit and activate RSK2,
which is required for Tat transcriptional activation (20). Thus,
RSK could be the mediator of the synergistic effect between
HIV-1 and KSHV.

The essential role of RSKs in KSHV lytic replication sug-
gests that RSKs could be a potential target for treatment of
KSHV-related diseases. Several recently developed RSK in-
hibitors (SL0101, BI-D1870, and fmk) (12, 38, 41) not only
provide powerful new tools for dissection of the functions of
RSKs in normal and pathological situations but also provide
the potential for therapies directed at the misregulated ERK/
RSK pathway. Inhibition of RSK not only would disrupt
KSHV replication but could also block the proliferation of
KS-associated tumor cells. Therefore, development of specific
RSK inhibitors should be a very attractive approach for ther-
apy of KSHV-associated diseases.
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